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INTRODUCTION
Alpha quartz is a piezoelectric material. As such, it w ill yield 
voltage under stress. When shocked with high explosive systems, the 
material is also luminescent. This luminescence is quite intense and 
can be recorded on normal films at submicrosecond exposure times.
The luminescence appears in various patterns determined both 
by the explosive system used and by the orientation of the quartz.
Fused quartz exhibits luminescence to a lesser degree. Since fused 
quartz is not piezoelectric, it is helpful in the determination of the 
origin of the luminescence in crystalline alpha quartz.
This study of the origin o f the luminescence in quartz was under­
taken in an effort to achieve a better understanding of the mechanisms 
involved in the behavior of quartz subjected to shock stresses.
PHENOMENON AND M ATERIAL
Piezoelectricity was discovered by the Curie brothers in 1880. 
The direct piezoelectric effect is defined as electric polarization 
produced by mechanical strain in crystals belonging to certain classes, 
with the polarization being proportional to the strain and changing sign 
with it .1 The converse effect exists but was discovered later. The 
reason for the difference in names is historical; the two effects are 
manifestations of the same property.
Piezoelectricity was a scientific curiosity for a number of years 
after its discovery. The advent o f radio and associated uses for
1
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oscillators created a market for quart* crystals which has expanded 
with each succeeding year.
Quarts is silicon dioxide, and Si02 forms about one-tenth of the 
earth9s crust. One of the numerous crystalline forms is alpha quartz 
which crystallizes at temperatures below 573°C. This form  of quartz 
crystal has trigonal symmetry.
Most natural quartz suitable for oscillators comes from  Brazil. 
Difficulty of assuring a stable supply as well as the cost o f natural 
stones suitable for electrica l purposes spurred interest in growing 
synthetic quartz.
Shortly after World War H the Signal Corps started a program to 
synthesize quartz. This program is still in existence and has succeeded 
very  well. For most applications synthetic quartz is competitive with 
natural quartz in both price and performance.8,3
Synthetic quartz is grown in high pressure autoclaves. Seed bars 
are placed in an upper chamber at a slightly lower temperature than a 
nutrient (usually imperfect natural quartz) in a lower chamber. The 
nutrient goes into solution, and thermal currents carry  the dissolved 
nutrient to the cooler seed bar area where it r©crystallizes.a»3 The
recrystallization temperature is in the range which produces alpha 
quartz.
The quartz used in this study was synthetically grown. The blanks 
from  which the samples were taken weighed three to four pounds and 
were tw in-free.
Quartz (alpha quartz w ill be referred to as quartz hereafter) be­
longs to the trigonal trapezohedral class of crystal symmetry. The Z, 
o r  optic axis is an axis of threefold symmetry. The X1# Xa, and X^ 
axes are normal to the Z axis and spaced 120 degrees apart.4 For
2
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convenience, Cartesian coordinates were used in which any one of the 
X axes is called the X axis, and a Y  axis mutually perpendicular to
X and Z  is chosen.
The electrica l polarity o f the piezoelectric response is  determined 
by the orientation of the applied stress. The convention adopted here 
was that i f  a sample of quartz is shocked on one end of the X  axis and 
the voltage appearing at the unshocked end is positive, the orientation 
is +X. The converse of this convention was also employed.
The direct piezoelectric effect is defined by the equation P  * do 
where P  is the polarization, d is the piezoelectric constant, and o is 
the applied stress. The piezoelectric constant is a third rank tensor, 
and the stress is a second rank tensor. Thus, in general, the equation
becomes P1 dijk  * v
The d tensor is composed of 27 terms, but because o f the physical 
laws governing application of shear stresses, the stress tensor can be 
compressed to  a matrix containing 18 terms as follows:5
tensor 11 22 33 23,32 31, 13 12*21
matrix 1 2 3 4 5 6
The a rray  for the piezoelectric moduli then becomes:
d i i d i s <*i« d i .
d » i da* d * * d as d a .
d 31 d 3 a d»3 d3 5 d 30
The crystalline structure of quartz yields the following matrix:5
P i
P 3
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As can be seen from  the array, quartz has a piezoelectric r e ­
sponse from several combinations of applied stress and electroding.
In explosive testing, however, it is extremely difficult to instrument an 
electrode on any face of the sample other than opposite the explosive 
shock. Experiments involving only the X axis (P, * were
therefore the main concern of this study.
Fused quartz (quartz glass) also was used in the experiments. 
Fused quartz is not piezoelectric and has no electrical response under
shock.
EXPERIMENTAL METHODS
Plane wave explosive-driver systems were used in the studies of 
quartz luminescence. The various combinations of high explosive and 
metal drivers employed w ill be detailed further as specific experiments 
are recorded. A ll pressures given are approximate.
Most of the pictures were taken with a rotating m irror framing 
camera capable of framing rates in excess of 4,000,000 frames per 
second. A typical sequence consisted of about 10 pictures spaced at 
0,3-microsecond intervals with an exposure time of 0.1 microsecond 
for each picture. Photographs also were obtained with a rotating m irror 
streak camera at writing rates o f about 4 m illimeters per microsecond.
Figure 1 shows a typical arrangement for observation of a quartz 
sample under shock. The camera was located in a reinforced concrete 
building with laminated glass ports for observation of the shot area. As 
shown in Fig. 1, the shock traveled upward through the metal driver 
plate and into the quartz. The m irror was set at 45 degrees to permit 
observation of the face of the sample opposite the shock.
Figures 2 through 8 show the luminescence from fused quartz sub­
jected to a pressure of about 120 kilobars. (One kilobar equals 10® dynes
4

per square centimeter and is approximately equal to 1000 atmospheres.) 
The spot of light below the face of the quartz in F ig. 2 and in some of 
the subsequent views is a fiducial used to signal shock arriva l at the 
aluminum-quartz interface.
Figures 9 through 15 show the luminescence from  fused quartz 
subjected to an induced pressure of about 265 kilobars. The experi­
mental arrangement was the same as for the previous sequence.
Figure 16 shows the setup for the two sequences following. As 
before, the m irror was set at 45 degrees.
Figures 17 through 26 are pictures of the luminescence of +X 
oriented quartz. The pressure in the quartz in this sequence and in the 
following one was about 65 kilobars with a steep pressure gradient.
Figures 27 through 85 show the luminescence of -X  oriented 
quartz. The originals of this and of the previous sequence were in
color.
RELATED RESEARCH
The conclusions reached in this study are dependent upon research 
which has been published only as an abstract.7 This research is an 
electrical study which has been undertaken concurrently with the optical 
study reported here. A b rie f outline of the electrical research program 
and the conclusions reached is included for completeness.
The experimental setup for the study is shown in F ig. 36. The 
setup consisted of a high explosive plane-wave generator, a metal driver 
plate (which is also the ground electrode for the quartz), the quartz 
sample, an output electrode (usually aluminum), and the e lectrica l load. 
The quartz was an X cut disc shocked along the X axis with a large 
diameter-to-thickness ratio to assure that the result is prim arily a one­
dimensional strain.
5

Applied pressure may be varied by using different types of ex­
plosives and different driver plates. Variations in loads were used, 
and the electrical output was displayed on high-speed cathode ray 
oscilloscopes. At pressures of around 25 kilobars (which is w ell below 
the elastic lim it o f quartz), the output obtained from the quartz is a 
reasonable extrapolation o f the small signal piezoelectric constants, 
and the duration of the pulse is the elastic wave velocity transit time.
As the pressure is increased to 50 kilobars (which approaches the 
elastic lim it), the charge output is still a reasonable extrapolation of 
the small signal constants, but the wave form begins to distort. At 
around 65 kilobars (which is above the elastic lim it), the charge is 
somewhat higher than expected, and the wave form is distorted. As 
the pressure is increased to 150 and 300 kilobars, the charge is not 
increased appreciably, but the wave form becomes more severely  
distorted.
When the orientation of the quartz is reversed so that the out­
put should be negative relative to the driver electrode, the charge 
begins to decrease as a function of pressure in the range o f 15 to 20 
kilobars. The charge reverses for pressures beyond the elastic lim it
as shown in F ig. 37.
A proposed model was based on a double shock-wave structure in 
quartz reported by J. Wackerle.® The model is shown in F ig. 38. Three 
zones are produced in the quartz by the double wave structure: ( l ) a  plastic 
zone behind the high pressure plastic wave front increasing in thickness 
from zero at the plastic wave velocity, ( 2) an elastic zone between the 
elastic and plastic wave fronts increasing in thickness from  zero at the 
difference between the elastic and plastic wave velocities, and ( 3) an 
unshocked zone ahead of the elastic front decreasing in thickness from 
the thickness of the sample at the elastic wave velocity. The strain- 
induced polarization is zero in the unshocked zone, a saturated value P 
in the elastic zone, and zero  in the plastic zone. The latter zone is
6
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proposed to indicate a complete re lie f of shear constraint and thus of 
shear-produced polarisation. The conditions for the positive and nega­
tive units are shown in F ig . 39. The equation for the sum of the voltages 
in each sone and the load without internal conduction is given by:
VL + D* V  + (DS '  P o ) { v .  'Vp H + Dl (do * V *  *  0 
where
V * voltage across the load Zt times the dielectric constant ofb L)
the quarts
Da * electric displacement or surface charge density of Zone 3
D2 * electric displacement of Zone 2
* electric displacement of Zone 1
vp »  plastic wave velocity
* elastic wave velocity
Po * piessoelectrically induced polarization of Zone 2
t * time
dQ * thickness of quartz disc
This condition gives the saturation of the charge at the elastic 
lim it, but does not give the distortion of the wave form  nor the reversa l 
of the output of the negative units. A unilateral conduction mechanism 
is proposed according to the direction of the electric field relative to the 
shocked fronts. For the positive units the conduction is from  the plastic 
front across the plastic zone, and for the negative units it is from  the 
elastic front. Such conduction amounts to a buildup of charge at the front 
and thus a discontinuity in the electric displacement D across the front.
The equations for these conditions for the positive units are:
D 3 *  0
V + D (d - v  t) * P  (v - v )t
7
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For high conductivity in the plastic zone, the voltage across the 
plastic zone must be zero. The internally generated voltage is thus 
proportional to the saturated polarization and the time varying thickness 
of the elastic zone. The zero voltage plastic zone decreases the in­
ternal impedance of the unit at the plastic wave velocity. This causes 
the distortion of the current wave forms for resistive loads, and the 
fa lloff of the voltage after elastic transit time for capacitive loads.
The equations for the proposed conduction conditions for the 
negative units are:
For high conductivity the voltage across the elastic zone is zero. 
The re lie f of the charge neutralized polarization by the plastic front, 
however, produces a negative voltage across the plastic zone pro­
portional to Pc and the time varying thickness of the plastic zone.
Quartz luminescence experiments have been carried out at pres­
sures ranging from about 30 kilobars to about 265 kilobars. Crystalline 
X cut quartz has been the subject of main interest both because of the 
companion electrical study and because of the interesting and different
patterns of luminescence observed.
Fused quartz has been shocked with pressures of 65, 120, and 265 
kilobars. At the lower pressure the luminescence was almost non­
existent. At the two higher pressures the luminescence was characterized 
by ?,window fram esH of light moving in from the edge at nearly the expected 
cracking velocity of 2 m illim eters per microsecond.®
* “ F v t o p
RESULTS AND DISCUSSION
8
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Figures 2 through 8 are pictures of the luminescence from  fused 
quartz at 120 kilobars. The light moved in from the edges and, be­
ginning with Fig. 4, the crystal became completely lighted in two 
frames <1.2 psec). The discontinuity in the aluminum-quartz interface 
caused by the epoxy joint apparently allowed cracks to start from  the 
center of the joint as well as from the edges where the aluminum, 
quartz, and air joined. The explosive was baratol with an aluminum 
driver plate.
In Figs. 9 through 15 the light from fused quartz at a pressure 
of about 265 kilobars is shown. At this higher pressure the discon­
tinuity at the joint was overridden, and the luminescence continued to 
move in from the edges except for the large symmetrical blossom 
beginning in Fig. 10 and expanding in the succeeding frames. This 
light was probably started as the shock wave collided with a defect in 
the sample. These symmetrical blossoms have been obtained on 
every high pressure shot made with fused quartz. There are usually 
several starting at different times.
The luminescence observed in fused quartz, as well as in Y  and 
Z  oriented crystalline quartz, seems to be associated with the actual 
shattering of the sample. When such materials shatter, patches of 
charge may be formed which dissipate their energy by gaseous dis­
charge across the crack, surface conduction, or field emission o f 
electrons. The energy which can be dissipated in this way may be ten 
times as large as the true surface energy. When the effect is large, 
the discharges result in the emission of visible light. This phenomenon 
is known as triboluminescence.*0
The shots at 265 kilobars were made using Composition B ex­
plosive with an aluminum driver plate. The entire shot assembly was 
placed in a helium atmosphere, because high pressure shock such as 
this w ill cause air to luminesce.
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The sequence shown in Figs. 17 through 26 is +X oriented crys­
talline quartz shocked with about 65 kilobars. This pressure was 
obtained using baratol as the explosive and normalized 1018 steel as 
the driver. Steel has a first shock wave of a few kilobars and a second 
shock wave of about 130 kilobars. The mismatch in acoustic impedance 
between steel and quartz lowers the pressure in the quartz to about one- 
half its value in the steel. The transition from the low pressure to the 
high occurs within a few millimicroseconds.
Figure 17 is a typical pattern for +X quartz shocked with the 
explosive-driver system described above. The Z axis is horizontal in 
the pictures. The quartz was grown on a Y  bar seed which can be seen 
as a brighter vertical band o f light in Fig. 18 and subsequent pictures. 
Almost all the lines formed angles of either 22 or 69 degrees with the Z 
axis. These angles do not correspond to the major cleavage planes in 
quart*. The preferential cleavage planes in quart* correspond to the 
major and minor rhombohedral planes and form angles of about 38 de­
grees with the Z axis.3'1
Notice how ragged the light front in the edge view of the +X 
series is as compared with the -X  series in Figs. 27 through 35. The 
-X  series was shocked with the same kind of explosive-driver system 
as the +X series. As can be seen in the pictures, the luminescence 
formed and continued in a completely different fashion in the two d iffer­
ent orientations. The light from -X  did not begin in the form of distinct 
lines, and the luminescence was brighter. The seed bar was not visible 
in this orientation.
The difference in electrical response between the +X and -X  
orientations was pointed out in the remarks about the electrical experi­
ments, so a difference in luminescence is not surprising if the light is
caused by the electric fields.
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From considerations of the impurities present in the quartz, of 
the short time in which the light appears, of a comparison of the e lec tri­
cal results with the luminescence, and of the magnitudes of the voltage 
generated in shocked quartz, it appears quite reasonable to say that the 
primary cause of the luminescence in +X and -X  quartz is the internally 
generated voltage. Any triboluminescence is effectively masked by the 
more intense electroluminescence.
The time in which the lines appear was very short. The exposure 
time for some of the pictures taken was about 0.07 microsecond. In 
every case the lines appear in a single exposure, and any lengthening 
in succeeding pictures is not detectable. In contrast, the "cracks" 
displayed In the fused quartz pictures can be followed as they expand 
from frame to frame.
Another argument in favor of electroluminescence is the co rre ­
spondence between voltage breakdown in the electrica l experiments and 
luminescence. In the -X  orientation the electrical records showed 
breakdown with a pressure of 30 kilobars in the quartz, and the lumines­
cence was recordable even though it was less intense than at higher 
pressures. With 40 kilobars in the +X samples, the electrica l results 
showed no breakdown, and no recordable light was seen in the optical 
experiments.
There are at least two mechanisms which could be responsible for 
electroluminescence in quartz. One of these is dielectric breakdown.13 
For quartz, the electric strength perpendicular to the Z axis is given 
as somewhat less than 6.7 x lflP volts per centimeter.13 Voltage 
gradients of this magnitude were observed in the electrica l experiments.
The second mechanism for electroluminescence which could be 
proposed in quartz under shock is direct field ionization of impurities.14 
As the impurities become ionized, the electrons could contribute to the 
luminescence as they are accelerated by the high field. These electrons
11
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in sufficient number, and i f  sufficient time were allowed, could cascade 
or could contribute to the cascade during dielectric breakdown. In 
order for field ionization to contribute to the luminescence, it must 
occur before dielectric breakdown.13 The two most abundant impurities 
in synthetic quartz are aluminum and sodium.2 One experiment has 
been conducted in which the luminescence from quartz swept of sodium 
was observed. The sweeping was accomplished by heating the quartz 
to several hundred degrees Centigrade while applying an electric  field 
along the Z axis. This experiment indicated that field ionization might 
contribute to the luminescence, because there was less light from  the 
swept sample, and the lines of luminescence were randomly oriented. 
Natural quartz was also swept and included in the experiment. Figure 40 
is a picture of the light from unswept natural and synthetic quartz.
Figure 41 shows the light from  swept natural and synthetic quartz. In 
both the natural quartz is on top. The samples were thin, and the Y  
and Z orientation is unknown. More experiments are needed, but 
swept quartz is not available.
Experiments have been conducted in which the driver material 
has been varied so that the maximum pressure remained about 60 to 65 
kilobars, but the rise of the pressure front changed. In each case the 
explosive was baratol. Figure 42 depicts the pressure profile from  a 
sandwich of brass, lucite, and aluminum. The pressure was about 
60 kilobars.1® Figure 43 is the pressure profile from  4340 steel 
hardened to Rockwell 30. Figure 44 is the pressure profile from  4340 
steel at maximum hardness (about Rockwell 55). The maximum pres­
sure in the last two systems was about 65 kilobars.
Figure 45 shows the light from +X quartz shocked with the 
pressure system of Fig. 42. The Y  axis was horizontal, and the 
straight lines of light around the picture were fiducials used to monitor 
the planarity of the shock wave. The bottom of the picture is a view 
into the quartz at an angle of 65 degrees from the full face-on view at 
the top of the picture.
12

Figures 46 and 47 are the first two frames of a +X sample 
shocked with the system of Fig. 43.
Figure 48 is the luminescence from a one-inch cube o f quarts 
shocked with the pressure profile shown in Fig. 44. The Z axis was 
vertical. Lines at about 38 degrees with the Z axis were present in 
addition to the lines at 22 and 69 degrees. The 38-degree lines co rre­
spond to the major and minor rhombohedral angles of quartz, but the 
22 and 69-degree angles do not correspond to any o f the major crys­
tallographic planes in quartz. Since the 38-degree lines did not appear 
with steep pressure fronts, it seems reasonable to assume that more 
than one mechanism is responsible for the behavior of shocked quartz 
when the shock conditions are varied.
In contrast to the X cut samples of quartz, Y, Z, and fused 
quartz show almost no luminescence in the 65-kilobar region. X cuts 
at 120 kilobara are brightly luminescent but without line patterns.
Figures 49 through 52 show the luminescence from a one-inch 
cube oriented with the shock along the Y  axis. The pressure was 
120 kilobars. The light was less intense than for X cut quartz at 
65 kilobars, and the luminescence appeared to move in from the edges 
with a f‘window fram e” effect sim ilar to that observed in fused quartz.
Figures 53 through 56 are pictures of Z oriented quartz shocked 
at 120 kilobars, and Figs. 57 through 60 are Z oriented quartz shocked 
at 265 kilobars. The light patterns from the two sequences were sim i­
lar, but the higher pressure yielded more intense light. The light moved 
in from the edges in these two sequences also, and bright spots were 
visible over the face of the sample. These spots did not bloom symmetri­
cally as they did in fused quartz, but the over-a ll pattern of light appeared 
to be more like the pattern in fused quartz than those in the X oriented 
samples.
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SUMMARY AND CONCLUSIONS
The luminescence in quartz shocked along its X axis is believed 
to be caused prim arily by the internally generated voltage, while the 
luminescence from quartz shocked along its Y  and Z axes appears to 
be triboluminescence.
The X luminescence is thought to be caused by the electric field 
for the following reasons: ( 1) there are impurities present which could 
be ionized, ( 2) the light patterns appear in less than 0.1 microsecond,
(3) internal voltage gradients of the order of magnitude necessary to 
break down quartz are generated by the shock waves, and ( 4) there is 
agreement between the pressures necessary to cause electrical break­
down in electrical experiments and those necessary to cause lumines­
cence in optical experiments on quartz shocked in the +X and -X  
orientations. Triboluminescence was probably present, but it was much 
less intense.
The luminescence caused by shocks along the Y  and Z axes is 
thought to be triboluminescence because of its sim ilarity to the lumines­
cence observed in shocked fused quartz; this material is not piezoelectric 
and so has no electric fields generated in it.
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